Novel thin films are an active area of research and are widely used in industry. Most of the thin films have thicknesses ranging from monolayer to nanometer levels up to several micrometers. Due to their relatively high hardness and inertness, ceramic coatings are of particular interest for the protection of substrate materials against corrosion, oxidation, and wear resistance [12] [13] [14] [15] [16] [17] . The electronic and optical properties of thin films are used in many electronic and optical devices [18] [19] [20] . The wide range of materials, techniques for preparation, and range of applications make this an interdisciplinary field. Many different methods are used to fabricate thin films, including physical techniques and chemical processes. Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the two most common types of thin film formation methods. PVD methods such as thermal evaporation and sputtering involve atom by atom, molecule by molecule growth, or ion deposition on various materials in a vacuum system [21] [22] [23] . CVD and sol-gel methods are less expensive than PVD [24, 25] . The heat-treatment of thin films in these methods is generally important for the formation of crystallized metal oxides.
Introduction
Industrial processes must minimize heat-treatment to reduce energy consumption and CO2 emissions during the manufacture of products. In particular, fossil fuels should be conserved for the next generation. However, the use of heat-treatment is essential in the manufacturing processes of many highly functional materials.
In many cases, the materials' functions depend on their surfaces. From this point of view, modification by thin film fabrication on various substrates, as opposed to manufacturing the entire body with the functional material, can generally save resources. The molecular precursor method (MPM) that was developed in our study is a wet chemical process for fabricating metal oxide and phosphate thin films [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This method requires heattreatment to eliminate organic ligands from metal complexes involved in spin-coated precursor films and to fabricate thin films of crystallized metal oxides or phosphates. We emphasize the importance of heat-treatment by describing recent results obtained using the MPM, which show great potential for the development of nanoscience and nanotechnology tools and materials.
This chapter focuses on the transparent thin film fabrication of both a visible (Vis)-lightresponsive anatase thin film having enhanced UV sensitivity and an unprecedented Visresponsive rutile thin film on glass substrates. These photoreactive thin films were easily fabricated using the MPM. Heat-treatment under controlled conditions produced these attractive thin films. Thin film fabrication of a highly conductive Ag nanoparticles/titania composite and several metal oxides, including Cu2O, will be also discussed, illustrating the broad utility of the MPM and the importance of heat-treatment in this novel wet process. The sol-gel method is a versatile technology in which metal/organic polymers are used to produce ceramics and glasses [26] [27] [28] [29] [30] [31] [32] [33] [34] . This technology can be used to manufacture thin films in a relatively cheap way compared with PVD. In a typical sol-gel protocol (Figure 1 ), the process starts with a solution consisting of metal compounds, such as a metal alkoxide, acetylacetonate, carboxylate, and soluble inorganic species as the source of cations in the target oxide. Additional reactants include water as the hydrolysis agent, alcohols as the solvent, and an acid or base as a catalyst. Metal compounds undergo hydrolysis and polycondensation near room temperature, giving rise to a sol in which polymers or colloidal particles are dispersed without precipitation. Further reaction connects the fine particles, solidifying the sol into a wet gel, which still contains water and solvents. Vaporization of solvents and water produces a dry gel. Heating the gel to higher temperatures, where the organic constituents and residues are removed, gives rise to microstructures of inorganicinorganic composites or hybrids, and glasses and ceramics. In Figure 2 , the structural changes to metal oxides from the corresponding hydrolysed polymers by heat treatment of the as-deposited gel. The processes accompanied with dehydration can be categorized into two reactions; (A) the intrachain and (B) the interchain condensation. 
Principle of MPM
The MPM is a wet process for the formation of thin films of various metal oxides, including titania or calcium phosphate compounds [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This method is based on the design of metal complexes in coating solutions with excellent stability, homogeneity, miscibility, coatability, etc., which have many practical advantages. This is because metal complex anions with high stability can be dissolved in volatile solvents by combining them with the appropriate alkylamines. Furthermore, the resultant solutions can form excellent precursor films through various coating procedures. The precursor films involving metal complexes should be amorphous, just as with the metal/organic polymers in the sol-gel processes. If not, it is impossible to obtain the resulting metal oxide thin films spread homogeneously on substrates by subsequent heat-treatment. For this purpose, the alkyl groups in the amines play an important role. Single-crystals of the metal complex can be obtained from the precursor solution in several cases when the alkyl groups in the alkylamines are sufficiently small, e.g., an ethyl group. The model structure of the amorphous precursor films formed on substrates can be examined by means of crystal engineering and based on the crystal structures. Heat-treatment is necessary to fabricate the desired metal oxide films by eliminating the ligand in the metal complex and alkylamine as the counter cation. It is important that densification during heat-treatment occurs only in the vertical direction of the coated substrate.
To the best of our knowledge, the crystallite size of the oxide particles in the resultant thin films fabricated by the MPM is generally smaller than those prepared by the conventional sol-gel method. The smaller size of the crystallites obtained using the MPM may be related to the nucleation process of the crystallized metal oxides. In the nucleation process in the sol-gel method, the polymer chains themselves are rearranged by heat-treatment ( Figure 2 ). The polymer chains should move to produce the core structure of the metal oxide, especially during interchain condensation. In contrast, the nucleation of metal oxides occurs more easily during the MPM. When coupled with elimination of the organic ligands via heattreatment, a vast number of crystallites can be rapidly formed. It is consequently feasible that the crystallite sizes of metal oxides fabricated using the MPM are smaller than those obtained using the sol-gel method.
Heat-treatment for titania thin film fabrication

Thin film fabrication and basic properties of TiO2
Titania is a popular industrial material that has been used as a white pigment for paints, cosmetics, and foodstuffs [35] . The photoreactivity of titania is known from observations of phenomenon such as the chalking of white paints containing titania after long-term outdoor exposure. The photoreactivity of titania was first observed by Honda and Fujishima in 1967, and reported in the literature in 1972 [36] . When the surface of a titania electrode (under an appropriate bias between a Pt counter electrode) was irradiated with light of energy shorter than its band gap, 3.0 eV, a photocurrent flowed from the Pt electrode to the titania electrode through the external circuit. The oxidation reaction occurs at the titania electrode, and the reduction reaction occurs at the Pt electrode. This observation showed that water molecules could be split into oxygen and hydrogen using UV light in a sulfuric acid electrolyte. The energy-conversion process that occurs on the titania surface is termed the Honda-Fujishima effect. When titania particles absorb UV radiation, they produce pairs of electrons and holes inside the particles. Because the photoinduced electrons and holes can be incorporated into redox reactions on the titania surface before spontaneous recombination, the surface states of the titania particle are quite important for photoreactivity [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] .
Titania has three polymorphs: anatase, rutile, and brookite. Anatase thin film deposition on a glass substrate has been achieved using the MPM. A water-resistant coating solution was prepared by the reaction of a neutral [Ti(H2O)(EDTA)] complex (EDTA is ethylenediamine-N,N,Nʹ,Nʹ-tetraacetic acid) with dipropylamine in ethanol [1, 2, [4] [5] [6] [7] [8] [9] . The anatase phase appears during the heat-treatment of the precursor film at a temperature between 400 and 500°C and is transformed to the rutile one between 500 and 700°C. X-ray diffraction (XRD) analysis of the films prepared by a conventional sol-gel process showed that the anatase phase appeared between 400 and 500°C and was not transformed to the rutile one, even when heat-treated at 900°C. The irreversible phase transformation from anatase to rutile requires heat-treatment. During heat-treatment of anatase, the atoms in the original tetragonal lattice can be rearranged into the rutile tetragonal lattice. The temperature difference between the phase transformation from anatase to rutile in the sol-gel method and the MPM will be discussed in the section O deficiency in rutile thin films.
Vis-responsive anatase thin film fabricated using the MPM
Many researchers study the fabrication and photoreactivity of Vis-responsive thin films by physical and/or chemical modification of anatase films because of the importance of Visphotoreactive materials [53] [54] [55] [56] [57] [58] [59] [60] [61] . However, there is little information on the enhancement of UV sensitivity of Vis-responsive anatase films.
The implantation of various transition-metal ions such as V 5+ , Cr 3+ , and Cu 2+ into the lattice of Ti 4+ in anatase thin films was investigated by Anpo et al. [62] [63] [64] [65] [66] [67] . The photoreactivities of chemically modified anatase thin films decreased under UV irradiation, although those anatase thin films modified with transition-metal ions can behave as photocatalysts under Vis irradiation. Since Asahi et al. reported that non-metallic ions such as a substitutional nitride ion at the oxygen sites of anatase are also effective at enabling the thin film to be responsive to Vis light, methods for modifying anatase with tetravalent carbon or hexavalent sulfur cations have also been investigated [68] . Miyauchi et al. achieved another chemical fabrication of Vis-responsive anatase thin films, which were modified under NH3 gas by heat-treating the resulting films formed using a sol-gel method [69] . However, the photoreactivities of those films are lower under UV irradiation than those before modification in all cases. Nevertheless, they can work as photocatalysts under Vis light. Thus, studies on the chemical formation of Vis-responsive anatase thin films with enhanced photoreactivities under UV irradiation are significant from the viewpoint of solar energy efficiency. Figure 3 . An ORTEP view of the precursor complex having the EDTA and peroxo ligands linked to the central Ti 4+ ion. The molecular structure was determined by an X-ray single crystal structure analysis of the diethylammonium salt of the complex, although the dibutylammonium salt was employed for the coating solution in order to prevent from the crystallization of the precursor. The single crystals of the identical orange-yellow color could be obtained from a reacted solution of the complex with the diethylamine instead of dibutylamine. The single crystal was {(C2H5)2NH2}[Ti(O2)(Hedta)]·1.5H2O; in a monoclinic crystal system, P21/c with a = 8.583(1), b = 6.886(1), c = 36.117(2) Å, and β = 92.780(3)°. The full-matrix least-squares refinement on F 2 was based on 3206 observed reflections that were measured at 250 K by using an imaging plate as a detector, and converged with unweighted and weighted agreement factors of R = 0.054 and Rw = 0.061 respectively, and GOF = 1.63. Two Ti-N(edta) bond lengths of 2.307 and 2.285 Å, are slightly longer than the bond length of 2.12 Å in the TiN single crystal. Results indicated that EDTA acts as a pentadentate ligand in the complex, and the peroxo ligand linked to the Ti 4+ ion has a side-on coordination structure.
The MPM forms transparent titania thin films using the ethanol solution obtained as a coating solution (SED) by the reaction of alkylamine with a titanium complex of EDTA as the ligand [1, 2, [4] [5] [6] [7] [8] [9] . According to single-crystal structural analysis, this Ti complex contains Ti-N bonds (Figure 3 ). If the Ti-N bonds in this complex can be preserved in the anatase thin film obtained by heat-treatment after coating, a partially nitrided anatase film can be directly formed. However, XRD and X-ray photoelectron spectroscopy (XPS) confirmed that the precursor film formed on a glass substrate using the ethanol solution is transformed into a nitrogen-free anatase thin film through heat-treatment for 30 min in air at a temperature of 450°C or higher. Based on these results, the heat-treatment of molecular precursor films spin-coated with SED on ITO glass substrates was examined in an Ar gas flow of 0.1 L min −1 at 500°C for 30 min. The XRD pattern indicated that the spin-coated precursor film crystallized to anatase through heat-treatment at a temperature of 500°C or higher under atmospheric conditions. Thus, the anatase form was created even if oxygen was not supplied externally to remove organic residues in the metal complex. Furthermore, the chemical bond toward the Ti 4+ ion from both oxygen and nitrogen atoms can be observed in the XPS spectra of the resultant thin films. The binding energies of Ti 2p3/2 attributed to Ti-O and Ti-N had typical values of 459.1 and 455.3 eV, respectively ( Figure 4 ) [5, [70] [71] [72] . Importantly, the binding energy of N 1s was 396.7 eV, and the existing nitrogen was only in the oxygen-substituted form, not in the chemisorbed form [73, 74] . Thus, the heat-treatment of the precursor films in an Ar gas flow was effective in preserving nitrogen atoms in the complex. However, the photoreactivity of the thin film was not observed after Vis irradiation with a weak fluorescent lamp. Because the partially nitrided film obtained by the MPM alone did not respond to irradiation with a fluorescent lamp, a precursor solution, SOX, with no Ti-N bonds, in complexes whose ligand was oxalic acid (OX), was freshly prepared and the layering of the anatase films was achieved using the two precursor solutions. Two types of three-layer film, OX-OX-OX and OX-ED-OX, were formed on an ITO precoated glass substrate by coating and heat-treating the precursor films under an Ar gas flow. A schematic diagram of these structures is shown in Figure 5 . The first layer, of thickness 100 nm, was formed by applying SOX. The second and third layers were 50 nm thick. The third layer of OX-OX-OX was fabricated as a reference by applying only SOX, although the corresponding layer of OX-ED-OX was fabricated on the second layer using SED, and then the third layer was formed with SOX ( Figure 6 ). The overall amount of the heat-treated molecular precursor, energy consumed, film area, and film thickness were kept constant. The XRD patterns of both films indicated that anatase was formed. The field-emission scanning electron microscopy (FE-SEM) data of both films show even surfaces without cracks or pinholes. These surfaces were too smooth to detect the roughness by measuring with a stylus profilometer, whose detective limit is ca. 10 nm. The XPS depth profiles of these films are shown in Figure 7 . The depth profile for OX-ED-OX revealed that nitrogen and carbon were locally distributed in the deep portion corresponding to the second layer. A relative decrease in the amount of oxide ions in the corresponding layers was observed. This suggests that other anions, e.g., nitride ions, compensate for the charge balance. This confirmed that significant amounts of carbon and nitrogen atoms were still present in the second layer, and the substitutional nitrogen atoms were locally distributed in the deep portion corresponding to the second layer. Most nitrogen atoms did not diffuse to other layers, although the amounts of nitrogen and carbon atoms in the other layers could not be neglected. The absorption spectra of OX-ED-OX indicate characteristic absorption bands near 480 nm. The OX-OX-OX films do not show such absorption bands in the Vis-light region. The photoreactivities of the films were tested using the decolorizing reaction of methylene blue (MB) aqueous solution [5] [6] [7] [8] [75] [76] [77] . The decoloration rate of 0.01 mol L -1 MB solution by the photoreaction with both multilayered thin films under UV or Vis irradiation are summarized in Table 1 . The OX-ED-OX film has an effective photoreactivity under Vis irradiation. The OX-OX-OX film only responded to UV light. It is important that the photoreactivities of the Vis-responsive films are also extremely high under UV irradiation. 
(B) (A)
The Vis-responsive property of the OX-ED-OX film was mainly due to the colored materials that were formed spontaneously during heat-treatment by chemical reactions between the reductant derived from the precursor complex containing OX in the upper layer and the organic residues derived from EDTA ligands in the lower one. Thus, the thermal reactions between the residues derived from the ligand of the precursor complex can afford novel functions such as the Vis-responsive nature of the resultant thin films through heat-treatment of the thin films fabricated by the MPM. The design of metal complexes for the precursor and of the heating program are crucial. 
Formation of O-deficient anatase thin film
To clarify the factors for designing an anatase thin film with a higher photoreactivity under UV irradiation, the relationship between the photoreactivity and O deficiency of anatase thin films fabricated with the heat-treated precursor films under regulated conditions was examined. Thin films were formed by heat-treating precursor films spin-coated onto FTO glass substrates with SED and SSG (sol-gel solution) under Ar or air.
The spin-coating method at ambient temperature was used for forming precursor films using a double-step method. The first step used 500 rpm for 5 s and the next step was 2000 rpm for 30 s, in all cases. The precursor films were pre-heated in a drying oven at 70 °C for 10 min and then heat-treated at 500°C for 30 min in a 0.1 L min -1 Ar gas flow. A tubular furnace made of quartz was employed for the heat-treatment. Thin films, ED and SG, were formed by applying the precursor solutions SED and SSG, respectively, before annealing in air. The film EDair was fabricated by firing the precursor film spin-coated with SED in air at 500°C for 30 min.
When the concentration of titanium was 0.4 mmol g -1 for SED, the film thickness was 100 nm. An SSG of 0.5 mmol g -1 was stirred for 3 days at ambient temperature to fabricate an anatase film of thickness 100 nm. The post-annealing treatment for the ED, EDair, and SG thin films was carried out in air at 500°C for 5, 10, 15, 20, and 30 min. The number in the notation used for post-annealed films indicates the annealing time (min). For example, ED-PA5 indicates an ED film post-annealed for 5 min. The photoreactivities of the thin films are presented in Table 2 . Each value was calculated as the difference between the decoloration rate under UV-light irradiation and the corresponding value measured for each thin film in the dark. The maximum photoreactivity of ED-PA15 produced by the MPM is twice that of SG-PA10 prepared by a conventional sol-gel procedure. It is generally accepted that the main factors to consider when designing enhanced photoreactivity of anatase are (1) higher crystallinity, (2) larger surface area, and (3) decreased impurities. The crystallite size is an indicator of crystallinity [78, 79] . Among the crystallite sizes of the three anatase thin films, ED, EDair and SG, the SG thin film had the largest value and the ED film had the smallest (Table 3) . These values for the anatase crystallites in EDair and SG thin films were not affected by post-annealing treatment in air. The thin film ED-PA15 (whose crystallite size was the smallest) showed the highest photoreactivity in the decoloration of an MB aqueous solution among the various thin films f o r m e d i n t h i s s t u d y . T h e s p ecific surface areas of the thin films were not measured quantitatively because of the difficulties involved. However, the degrees of adsorption of MB molecules in aqueous solution were nearly equal among the thin films, including those formed by the sol-gel method. Therefore, the differences in the photoreactivity among these thin films should be due to other factors than the specific surface area. The XPS spectra suggested that the thin films SG and SG-PAn have higher purities than the other thin films. Therefore, the highest photoreactivity, of ED-PA15 thin film, cannot be due to its purity. The O/Ti peak area ratio determined from the XPS of the anatase film ED-PA15 with the highest photoreactivity was extremely small, 1. A coordination skeleton of (TiO4N2) or (TiO5N2) can be assumed in the EDTA complex as a precursor molecule from the structural study of a Ti complex [Ti(H2O)(EDTA)]·1.5H2O reported by Fackler et al. [80] . In the precursor films, two N and at least four O atoms link to one Ti ion. As a result of heat-treating the precursor complex in an Ar gas flow, neighboring complexes reacted with each other. In this process, several O atoms linked to one Ti ion could be covalently bonded by other Ti ions, and the anatase lattice was gradually created. By eliminating large amounts of C, H, and N atoms with O atoms, oxide ion sites of the anatase lattice were partially occupied by a rather stable nitride ion derived from the coordinated N atom originally belonging to the ligand. As a result, the total negative charge of the N-substituted anatase in the ED thin film is ca. 3.6 toward one Ti ion. This value is the summation of 2.8 from the oxide ions and 0.8 from the nitride ions. This charge toward one Ti ion is larger than that of ca. 3.3 by the oxide ions in the SG thin film. The substitutional N atoms could be removed from the anatase lattice by post-annealing the ED thin film. Consequently, the total negative charge of the ED-PA15 thin film, whose photoreactivity is the highest, decreased to ca. 3.0. Longer annealing treatment replenished oxide ions in the anatase thin films from their surfaces and the photoreactivity decreased ( Figure 8 ) [6] . Thus, it was elucidated that O deficiency is an important factor to consider when designing anatase photoreactivity. It is also notable that the O-deficient anatase lattice is rather robust because the stoichiometric Ti2O3 did not appear at all.
Annealing Time (min) Crystallite size (nm) ED
EDair SG  0  -10  13  5  -10  13  10  5  11  13  15  4  10  13  20  7  11  13  30  7  12  13   Table 3 . The crystallite size of anatase in ED, EDair, SG and post-annealed thin films [6] . The crystallite size of anatase was measured with a typical Scherrer-Hall method by employing a peak assignable to only (1 0 1) of anatase, because other peak intensities due to anatase were too low to measure accurately. The crystallite size of anatase in ED and ED-PA5 could not be obtained because the (1 0 1) peak of anatase was also too weak to determine the crystallite size. 
O deficiency in rutile thin film
Rutile is the most stable crystal form of titania. Since Nishimoto et al. showed that anatase is more sensitive to UV light than rutile in photoreactions, rutile was believed to be inferior to anatase in terms of photoreactivity [81] . Anatase is important for photocatalysis in pollutant degradation and in the development of photofunctional materials such as films with hydrophilic surfaces under UV-light irradiation. The poor photoreactivity and photosensitivity of rutile is generally believed to be due to its crystal structure. Rutile is primarily known as a useful pigment for white paint, due to its chemical stability [82, 83] .
Because the band edge of a rutile single-crystal is 3.0 eV, rutile has the potential to respond to Vis light. Using this knowledge and the results of previous experiments on anatase responses to Vis light, this section describes an attempt to achieve direct fabrication of Odeficient rutile thin films with high photoreactivity using a MPM. The first Vis-lightresponsive thin film created from O-deficient rutile is discussed here. This material works without application of an electric potential, due to its unprecedentedly high photosensitivity under UV-light irradiation. The present findings should facilitate widespread practical use of rutile in light-related applications.
The thin films were formed by heat-treating the precursor films after spin-coating onto a quartz glass substrate. SED and SSG were applied in an Ar gas flow. The transparent precursor films formed by spin-coating the solutions and pre-heating in a drying oven at 70 °C for 10 min were heat-treated at 700 °C for 30 min in a furnace made from a quartz tube with an Ar gas flow rate of 0.1 L min -1 . When SED was used, a transparent rutile thin film R was formed. When SSG was used, a transparent anatase thin film A was formed. The film thickness was 100 nm in both cases.
Each structure was characterized using XRD, Raman spectroscopy, and transmission electron microscopy (TEM). The selectivity was due to the O-vacant sites in the oxide thin films formed at different levels due to the differences between the amounts of oxygen in the two precursors. In this case, the oxygen source required to structure titania was available only in the precursor films when these thin films were fabricated. Therefore, crystallization into rutile, which has many O-vacant sites, and the accompanying rapid elimination of organic residues from the R precursor film, occurred because of the heat-treatment.
In contrast, the amount of oxygen available to Ti 4+ in titanoxane polymers, though significant, was insufficient to develop stoichiometric TiO2 from A. The oxygen defects in an anatase lattice generally lower the temperature of the phase transformation from anatase to rutile [84, 85] . Thus, selective formation occurred according to the differing degrees of O deficiency.
The photoreactivities of the thin films were evaluated by the decoloration rates of MB solutions, which served as a model for organic pollutants in water. The results measured under Vis-and UV-light irradiation are summarized in Table 4 , along with those measured under dark conditions (reference values). The data show the effects of adsorption on the samples, vessels, and self-decoloration of MB under each condition. Moreover, the photoreactivity of R was extremely high under UV irradiation and higher than the photoreactivity of A. This is without precedent. [7] . Calculated standard deviations are presented in parentheses.
The photosensitivities of R and A were also examined by measuring the effects of Vis and UV irradiation on the water contact angle for the surfaces of the thin films. The results are shown in Figure 9 [7] . The rutile thin film R exhibited Vis-light-induced hydrophilicity with a fluorescent light, even though high-energy light below 400 nm was eliminated. In contrast, Vis light alone did not reduce the contact angle on A under the same conditions. Furthermore, a rapid decrease in the water contact angle for R was observed with weak UVlight irradiation. The super-hydrophilic property of R appeared after only 1 h. When fluorescent light with a UV component was employed, the contact angle on R rapidly reduced and the values reached 38° and 10° after irradiation for 1 and 24 h respectively. Figure 9 . Comparison of the contact angles of a 1.0-μL water droplet on the thin films R and A. Before the measurement, the thin films were exposed to UV irradiation of 1.3 mW cm -2 at 356 nm obtained by a black light (each on the left side), and to visible light without UV light was obtained from a fluorescent light by removing light of wavelengths shorter than 400 nm using a cut-off filter. The Vis light intensity after removing UV components from the fluorescent light, which was estimated by an illuminometer was 0.8 mW cm -2 [7] .
It is noteworthy that the simple fabrication of a Vis-responsive rutile film with high photoreactivity could be attained. Thus, the O defects in titania are also effective at providing photoreactivity of rutile, which is usually insensitive to both UV and Vis light.
Crystal orientation and photoluminescence of rutile in thin film
PL emission has been widely used to investigate the efficiency of charge carrier trapping, migration, and transfer, and to understand the fate of electron-hole pairs in semiconductor particles [86] . It is therefore helpful to examine the position and intensity of the PL bands of semiconductor particles to understand the photoreactivities of the particles [87] . In this section, we report the changes in the PL and photoreactive properties of the Vis-responsive rutile thin film fabricated by the MPM, which are effected by annealing in air at 700°C. The relationship between O deficiency and PL emission was examined to understand the incredibly high photoreactivity of the rutile thin film. Furthermore, the level of crystal orientation of the rutile thin film was quantitatively evaluated on the basis of data from XRD analyses. The amount of oxygen supplied during the annealing process was analyzed by XPS measurements. The growth of crystals and particles was also investigated by crystallitesize measurements and SEM observations. The heat-treatment of the fabricated O-deficient rutile R thin film was carried out in air at 700°C for 15, 30, and 60 min. The number in the notation of the post-annealed films indicates the annealing time (min). For example, R-PA15 indicates that post-annealing treatment of the R thin film was carried out for 15 min. The extent orientation factor (f) for the (110) plane of the R-PAn thin films increased with annealing time in air ( The extent orientation could be estimated from the XRD peak intensity by using the Lotgering method [8] . The terms I(hkl)ideal and ΣI(hkl)ideal are defined as the intensity of the peak attributable to the specific plane (hkl) and the sum of each intensity obtained for the non-oriented rutile crystals; thus, P0 can then be expressed as
In this study, each I(hkl)ideal value was cited from the standard data of the corresponding rutile phase.
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The definitions of the terms I(hkl)obsd and ΣI(hkl)obsd for the thin films R and R-PAn are identical to those for ΣI(hkl)ideal and I(hkl)ideal in equation (1), respectively, and the Pn value can be calculated as
The Lotgering orientation factor f is defined as
The factor f is defined for P or P0 values over a certain range of 2θ. As the level of orientation increases, the f value will increase from 0 to 1. The factor f is therefore a measure of the crystal phase orientation. Consequently, the f value of the R thin film was the smallest among the thin films fabricated by the MPM. However, the present f value of the R thin film was larger than those reported for rutile thin films fabricated by a sol-gel method on several substrates such as quartz glass, alumina, and single-crystals of quartz or silicon [88] . This result may be related to the different mechanisms governing the formation of the rutile lattice. In the sol-gel method, the Ti 4+ and O 2-ions that are tightly linked in titanoxane polymers formed by the condensation of partially hydrolyzed alkoxide might be rearranged to form the rutile lattice at a higher temperature. In the MPM, however, small units composed of Ti 4+ and O 2-ions with higher mobility could be formed when the organics were decomposed and removed by heat-treating the precursor complex. Therefore, a rutile thin film with a higher level of crystal orientation could be formed at these lower temperatures.
After 15 min of heat-treatment in air, the crystallite size of the R thin film increased, while those of the R-PAn thin films remained almost constant ( Table 5 ). These results indicate that crystallite growth at a temperature of 700°C was completed by heat-treatment over a period of 30-45 min. The additional thermal energy was consumed mainly for the process of grain growth after crystallite growth because the grain size gradually increased with annealing time.
Previously, the peak position of the PL emission band obtained for rutile crystals was observed at ca. 450 nm [89] . However, PL emission bands of the R and R-PAn thin films formed by the MPM were not detected at 450 nm ( Figure 10 ) [8] .
Nakamura et al. reported that in the case of a rutile single-crystal, the PL emission band attributable to the (110) plane can be observed at 810 nm [90] . Taking into account the high levels of crystal orientation with reference to the (110) plane in the R and R-PAn thin films, the PL emission bands observed at around 800 nm in the spectra of the R-PAn thin films can be attributed to rutile crystals oriented along the (110) plane in these thin films ( Figure 11 ) [8] .
For the O-deficient rutile thin film R with high photoreactivity, no PL emission was observed in the range 190-850 nm. Thus, as previously suggested, the O-defect sites on the rutile thin film may suppress recombination of the photoinduced electron-hole pairs by electron trapping. In contrast, the PL emission from rutile thin films after annealing in air may be due to the oxide ions that are supplied to the O-defect sites on the film surface, because they function as recombination centers. As a result, the lattice oxygens of titania, especially in rutile thin films, function as recombination centers for the photoinduced electron-hole pairs. The reduction of rutile surfaces by heated hydrogen activates the photoreactivities of these surfaces [36] . As a result, the formation of an oxygen deficiency provides photoreactivity. The present study revealed that the unprecedentedly high photoreactivity of the R thin film is suppressed by oxygen supply during the annealing process. However, the high levels of photoreactivity of these films could be maintained even after oxygen supply to the surface by the post-annealing treatment ( Table 5 ). These results indicate that the enhanced photoreactivity is related not only to the surface but also to the inner part of the thin films as a result of an interparticle electron transfer (IPET) effect, as proposed in our previous paper.
Highly conductive Ag-nanoparticle/titania composite thin films
An excellent perovskite-type SrTiO3 thin film was fabricated using a mixed precursor solution from a titania precursor solution containing a Ti complex of EDTA and an SrO precursor solution containing a Sr complex of EDTA [4] . The metal complex ions dissolve independently in each precursor solution and the homogeneity of the mixed solution can be kept at the molecular level. In fact, a mixed precursor solution containing exact amounts of Ti and Sr can be easily prepared due to the excellent miscibility of the solutions. This is the essential difference between the MPM and conventional sol-gel methods in which the hydrolyzed polymers are heterogeneous because of the different rates of hydrolysis of each metal ion. On the basis of this excellent miscibility in the MPM, Ag-nanoparticle/titania (Ag-NP/TiO2) composite thin films with a wide range of volumetric fractions of Ag in the titania matrix were developed using the titania precursor SED [9] .
Many researchers have tried to incorporate metal nanoparticles into semiconductor materials to improve the conductivity of the semiconductor. The TiO2 film's relatively high resistivity of 10 12 Ω cm at 25°C can be reduced by incorporating metal nanoparticles into the TiO2 matrix. Electrically conducting particles can be randomly distributed within a semiconductor matrix to form a composite. This composite sample is non-conducting until the volume fraction of the conducting phase reaches the so-called percolation threshold. It has been experimentally and analytically shown that in a conductor/semiconductor composite with the conductor at or above a given volume fraction (φi), a network of conducting particles is established and thus the composite resistivity suddenly decreases. The most widely applied technique for the preparation of metal/TiO2 composite materials is the sol-gel process. This has been applied to the fabrication of an Ag-NP/TiO2 system by Li et al. [91] . They prepared a solution for fabricating Ag-NP/TiO2 composite thin films by mixing a sol-gel solution of titania for thin film fabrication with an 18 mol% silver nitrate solution; a 6 mol% ethanol solution of silver nitrate was also employed. The electrical resistivity of the resultant composite thin film with the highest concentration (18 mol%) of Ag nanoparticles was of the order of 10 3 Ω cm. Because the sol-gel method used in these studies involves metalloxane polymer formation in the medium, and because poor miscibility of each component is inevitable, Li et al. reported that it was difficult to obtain a homogeneous solution for silver concentrations above 18 mol%. Therefore, a lower electrical resistivity of the composite thin film may be attained in the event that a solution with an even higher volumetric fraction of Ag nanoparticles can be homogeneously mixed with the titania precursor solution. The electrical conductivity of the resultant films is largely dependent on the volumetric fraction, size, and connectivity of the Ag nanoparticles, and the homogeneity of the dispersed silver in the dielectric titania matrix [92] [93] [94] [95] .
Using the MPM, mixed precursor solutions for fabricating Ag-NP/TiO2 composite thin films could be easily prepared. As a result, Ag-NP/TiO2 composite thin films of Ag volumetric fractions from 0.03 to 0.68 were fabricated with heat-treatment of the mixed precursor films at 600°C in air. To obtain quantitative information about the effects of Ag nanoparticles on the electrical properties, the nanostructures of the films were examined by TEM. The TEM images films with φAg of 0.26, 0.30, and 0.55 are shown in Figures 12 (A), (B) , and (C) respectively [9] . The presence and distribution of Ag nanoparticles (black dots) inside the TiO2 film can be clearly seen. The percolation threshold of Ag nanoparticles in the titania thin film was found to be φAg 0.30. It is near the percolation threshold, when Ag particles are still not totally connected, that increasing the φAg by adding a small amount of Ag nanoparticles helps to build the conductive network and reduce the resistivity of the composite. Therefore, the decrease in resistivity was attributed to a change in the Ag nanoparticles` size, shape, and center-to-center distance between the Ag nanoparticles. As the Ag volumetric fraction increased further from 0.27 to 0.55, the electrical resistivity decreased from 10 −2 to 10 −5 Ω cm, respectively. At φAg 0.61 to 0.68, the resistivity increased from 10 −5 to 10 −3 Ω cm due to the inevitable increase in resistivity caused by agglomeration of the Ag particles. This study shows that the MPM, which offers excellent miscibility of the silver and titania precursor solutions, is effective at overcoming the miscibility limitations of the conventional sol-gel method and is necessary for fabricating composite thin films with large φAg values. The excellent miscibilities of the precursor complexes in the MPM overcame the limitations of the extremely low Ag volumetric fraction in the previous sol-gel process. Therefore, the percolation threshold for the electrical resistivity of the composite film could be examined for a wide range of Ag fractions. Heat-treatment plays an important role in the production of Ag nanoparticles by reducing Ag + ions in the precursor film and forming well-dispersed Ag nanoparticles in the titania matrix. This present Agnanoparticle/titania composite thin film is useful for fabrication of highly conductive electrodes for devices such as solar cells.
Conclusion
The importance of heat-treatment in the MPM was demonstrated through fabrication of thin films of anatase and rutile with unprecedentedly high photoreactivities. This is due to a photoreactive mechanism via O deficiency in the oxide thin films. Based on the excellent miscibilities of the molecular precursors in the SrTiO3 thin film fabrication, heat-treatment was shown to be an essential step. It eliminates organic ligands in the precursor metal complexes and provides important functions to the metal oxides in the chemical fabrication of Ag-nanoparticle/titania composite thin films with high conductivity.
The chemical fabrication of the first p-type Cu2O transparent thin film was also recently achieved using the MPM, although the heat-treatment of the spin-coated substrates resulted in the deposition of a large amount of powder on the substrates in previous sol-gel studies [96] . The electrical and optical properties of the Cu2O thin film fabricated using the MPM were consistent with those of similar thin films fabricated using physical procedures. It is very interesting that the charge on copper changes stepwise from +2 to +1 through 0 during heat-treatment of the precursor film involving a Cu-EDTA complex in an Ar gas flow. Based on these results, a transparent dry-type solar cell of area 20 × 20 mm 2 with a combination of Vis-responsive anatase thin films was examined. This film is mentioned in the section Vis-responsive anatase thin film fabricated using the MPM. The structure of the solar cell was FTO electrode/n-Vis-responsive anatase/p-Cu2O/conductive polymer/Ag on a glass substrate, and the photovoltaic nature of the solar cell could be successfully measured under the light from a solar simulator. Thus, the present MPM is useful for fabricating Vis-responsive dry solar cells. The MPM coupled with heat-treatment of various precursor films allows transparent thin films of metal oxides such as Co3O4, ZnO, Ga2O3, and ZrO2 etc. to be examined and fabricated on glass and/or metallic substrates. The MPM has great potential as a fundamental technology for thin film fabrication by chemical processes.
